Mentzer RM, Jr. Discordant signaling and autophagy response to fasting in hearts of obese mice: Implications for ischemia tolerance. Am J Physiol Heart Circ Physiol 311: H219 -H228, 2016. First published May 6, 2016; doi:10.1152/ajpheart.00041.2016.-Autophagy is regulated by nutrient and energy status and plays an adaptive role during nutrient deprivation and ischemic stress. Metabolic syndrome (MetS) is a hypernutritive state characterized by obesity, dyslipidemia, elevated fasting blood glucose levels, and insulin resistance. It has also been associated with impaired autophagic flux and larger-sized infarcts. We hypothesized that dietinduced obesity (DIO) affects nutrient sensing, explaining the observed cardiac impaired autophagy. We subjected male friend virus B NIH (FVBN) mice to a high-fat diet, which resulted in increased weight gain, fat deposition, hyperglycemia, insulin resistance, and larger infarcts after myocardial ischemia-reperfusion. Autophagic flux was impaired after 4 wk on a high-fat diet. To interrogate nutrientsensing pathways, DIO mice were subjected to overnight fasting, and hearts were processed for biochemical and proteomic analysis. Obese mice failed to upregulate LC3-II or to clear p62/SQSTM1 after fasting, although mRNA for LC3B and p62/SQSTM1 were appropriately upregulated in both groups, demonstrating an intact transcriptional response to fasting. Energy-and nutrient-sensing signal transduction pathways [AMPK and mammalian target of rapamycin (mTOR)] also responded appropriately to fasting, although mTOR was more profoundly suppressed in obese mice. Proteomic quantitative analysis of the hearts under fed and fasted conditions revealed broad changes in protein networks involved in oxidative phosphorylation, autophagy, oxidative stress, protein homeostasis, and contractile machinery. In many instances, the fasting response was quite discordant between lean and DIO mice. Network analysis implicated the peroxisome proliferator-activated receptor and mTOR regulatory nodes. Hearts of obese mice exhibited impaired autophagy, altered proteome, and discordant response to nutrient deprivation. metabolic syndrome; peroxisome proliferator-activated receptor-␣/␥; mammalian target of rapamycin; proteomics 
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NEW & NOTEWORTHY

Developing metabolic syndrome leads to impaired cardiac autophagy and larger infarcts after myocardial ischemia and reperfusion. Quantitative proteomic analysis of hearts from diet-induced obese mice subjected to fasting stress reveal global changes in the proteome related to metabolism, redox, vesicular, and structural homeostasis that may increase vulnerability to ischemia-reperfusion injury.
METABOLIC SYNDROME (MetS) is characterized by obesity, hyperglycemia, insulin resistance, dyslipidemia, and, in many cases, hypertension. It is associated with accelerated atherosclerosis and worse outcome after myocardial infarction (7, 10, 13, 21) . Efforts to increase the heart's tolerance to ischemiareperfusion (I/R) injury through ischemic or pharmacological preconditioning or postconditioning that have been effective in animal studies were unsuccessful in clinical trials (3) . One proposed explanation is that the presence of comorbid conditions such as MetS may interfere with cardioprotective interventions (44) . The presence of MetS abrogates the protective effects conferred by ischemic preconditioning (IPC) and postconditioning against I/R injury (4, 11) and is associated with increased incidence and severity of acute myocardial infarction and heart failure (30, 32) . We had previously shown that autophagy is essential for cardioprotection by IPC (14, 15, 31) , and others had reported impaired autophagy in the setting of diet-induced obesity (DIO) (17) . We previously reported that autophagy is upregulated as part of the homeostatic intracellular repair response in human hearts during cardiac surgery (16) . There was an inverse correlation between the magnitude of the autophagy response during cardiac surgery and the presence of risk factors including features of MetS (16) .
Autophagy is responsible for degradation of protein aggregates and removal of excess or damaged organelles (25) . In the heart, autophagy is induced by cellular stresses such as starvation or ischemia (14, 31) . Nutrient depletion (such as during ischemia) and nutrient excess (as in DIO) act on key energyand nutrient-sensing pathways, namely, the AMP-activated kinase (AMPK) and mammalian target of rapamycin (mTOR) signaling pathways, that regulate autophagy. An understanding of how MetS impacts these pathways in the setting of nutrient deprivation is essential to develop new approaches for increas-ing the heart's tolerance to ischemia and reperfusion. Accordingly, we proposed to study the regulation of cardiac autophagy in the mouse model of DIO, using fasting as a cardiometabolic stress.
METHODS
Animals and experimental protocols. All animal studies were approved by the San Diego State University Institutional Animal Care and Use Committee. Groups of aged-matched male FVBN mice (Jackson Labs) were maintained on a 12:12-h dark-light schedule, housed 3-4/cage, and fed ad libitum with normal chow (Teklad 2014, 13% kcal/100 kcal fat) or a lard-based high-fat diet (HFD, Research Diets D12492, fat 60% kcal/100 kcal fat) for 4 -20 wk. For overnight fasting experiments, mice were placed in a fresh cage without food 3 h before lights out at 6:00 PM. At the end of the study, hearts from fed and fasted animals were freeze-clamped in liquid nitrogen and stored at Ϫ80°C for mRNA and protein analysis.
Myocardial I/R model and infarct size determination. I/R was performed as previously described (15) with a few modifications. Briefly, lean or DIO FVBN mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (70 mg/kg). Isoflurane anesthesia (0.5%) was used throughout the procedure. A volume-controlled ventilator (model 687; Harvard Apparatus) was used and maintained at a rate of 120 -140 beats/min and a pressure of 2-5 cmH 2O. The chest was then opened, and a snare composed of an 8-0 silk suture was used to occlude the left anterior descending artery. At 60 min occlusion, the snare was released but left in position, and the heart was reperfused for 120 min. Area-at-risk and infarct size were defined using standard dye delineation and triphenyltetrazolium chloride staining. Mortality was scored for animals that did not survive the 2-h reperfusion; hearts were included for infarct size analysis if the mice survived at least 80 min of reperfusion.
Measurements of leptin, insulin, and glucose. Serum samples from lean and DIO mice were obtained from the tail vein blood and analyzed for leptin and insulin levels by ELISA (Mercodia). Blood glucose was measured with a hand-held glucometer (OneTouch Ultra; Lifescan). Measurements were performed in duplicate.
Measurement of insulin sensitivity: oral glucose tolerance test. After overnight fasting, animals were administered D-glucose (2 mg/g, 25% solution) by oral gavage. Blood glucose was sequentially measured via tail vein samples taken at baseline and 30, 60, 90, and 120 min following administration. The homeostatic model assessment (HOMA-IR) was calculated using the standard international formula [fasting glucose (mmol/l) ϫ fasting insulin (mU/l)/22.5].
Assessment of autophagic flux. Chloroquine (CQ, 10 mg/kg in 50 -200 l saline; Sigma) or vehicle was administered via intraperitoneal injection to evaluate basal autophagic flux in the lean and DIO animals. A pilot study to assess the appropriate interval between CQ administration and tissue Western blot analysis revealed a significant increase in LC3-II (compared with vehicle control animals) as early as 2 h after CQ administration, indicating a robust basal autophagic flux (data not shown). Thereafter, 10 mg/kg CQ or saline injections were administered at 8:00 AM, before 10:00 AM harvest. Hearts were freeze-clamped, and tissue was obtained for measurement of LC3 by Western blot (35, 37) in age-matched mice maintained on HFD for 8 wk (after weaning) and compared with their controls (lean mice).
Assessment of LC3B, p62/SQSTM1, 18S rRNA gene expression. RNA was isolated from 30 mg heart tissue using a Nucleospin RNA kit according to the manufacturer's protocol (Macherey Nagel). cDNA was prepared from 1 g RNA using the iScript cDNA synthesis kit according to the manufacturer's protocol (Bio-Rad). Quantitative RT-PCR of LC3B and p62/SQSTM1 was performed in triplicate using the iTaq Universal SYBR Green Kit (Bio-Rad) on a Bio-Rad CFX96 Real-Time System with 18S rRNA serving as an endogenous control. Primer pairs were as follows: 1) LC3B forward: GCGACTGGAGAGCTGTTTCT; reverse: GTGAGCCAAGTCTG-GAGCAT; 2) p62/SQSTM1 forward: AGCCCTCTAGGCATTGAG-GTTGA; reverse: GCCTGTGCTGGAACTTTCTGGG; and 3) 18S rRNA forward: AGTCCCTGCCCTTTGTACACA; reverse: CGATC-CGAGGGCCTCACTA.
PCR conditions were as follows: 95°C for 10 min (95°C for 10 s, 61°C for 30 s) for 40 cycles. Relative mRNA expressions were calculated using the ⌬⌬C T method using CFX manager software version 3.1 (Bio-Rad).
Assessment of autophagy and nutrient-sensing pathways. Proteins were extracted from the frozen tissue samples by homogenization in ice-cold RIPA buffer with freshly added Protease Inhibitor Cocktail Complete and PhosSTOP (Roche) followed by centrifugation (1,000 g for 5 min, 4°C), recovery of supernatants, and determination of protein concentrations (Bio-Rad DC Protein assay). Equal amounts of protein (20 g ) were solubilized in sample buffer with 10% ␤-mercaptoethanol, resolved on 10 -20% Tris-glycine SDS-PAGE (Life Technologies), and transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk for 1 h (room temperature) and then incubated overnight at 4°C Statistical analysis. All quantified results are expressed as means Ϯ SD. Two-tailed Student's t-test and one-way ANOVA followed by post hoc Tukey's test were used where appropriate, with a P value Ͻ0.05 being considered statistically significant.
Proteomic sample preparation. Frozen hearts (n ϭ 4/group) obtained from lean nonfasting, lean fasting (overnight), DIO nonfasting, and DIO fasting (overnight) animals were ground while frozen in a liquid N2 basin-cooled mortar and then prepared for IN-Sequence analysis to enrich for the 1) myofilament and 2) soluble proteins, including mitochondrial proteins (19) . Briefly, 200 g of protein were denatured and reduced in a solution (20 mM DTT, 50 mM ammonium bicarbonate, pH 8, and 8 M urea) at 60°C for 1 h, alkylated with iodoacetamide (50 mM) for 20 min at room temperature (in the dark) and then 75 g of protein digested in 1 g of Trypsin/Lys-C mix (Promega) using the Filter-Aided Sample Preparation kit (Expedion). Samples were desalted and cleaned using HLB plates (Oasis HLB 30 m, 5 mg sorbent; Waters).
Liquid chromatography MS/MS analysis. Liquid chromatography MS/MS was carried out on a Dionex Ultimate 3000 NanoLC connected to an Orbitrap Elite (Thermo Fisher) equipped with an EasySpray ion source. Mobile phase A was comprised of 0.1% aqueous formic acid, and mobile phase B was 0.1% formic acid in acetonitrile. Peptides were loaded on the analytical column (PepMap RSLC C18 2 m, 100 Å, 50 m ID ϫ 15 cm) at a flow rate of 300 nl/min using a linear AB gradient composed of 2-25% mobile phase A for 120 min, 25-90% mobile phase B for 5 min, and then isocratic hold at 90% for 5 min with re-equilibrating at 2% mobile phase A for 10 min (20) . Temperature was set to 40°C for both columns. Nanosource capillary temperature was set to 275°C, and spray voltage was set to 2 kV. MS1 scans were acquired in the Orbitrap Elite at a resolution of 60,000 full width at half-maximum with an AGC target of 1 ϫ 10 6 ions over a maximum of 500 ms. MS2 spectra were acquired for the top 15 ions from each MS1 scan in normal scan mode in the ion trap with a target setting of 1 ϫ 10 4 ions, an accumulation time of 100 ms, and an isolation width of 2 Da. Normalized collision energy was set to 35%, and one microscan was acquired for each spectra. MS analysis and bioinformatics. The raw MS files were converted to mzXZML using MS Convert and searched against the Swiss-Protreviewed mouse FASTA database (33,330 proteins and decoys) using the COMET search algorithm (9) . Target-decoy modeling of peptide spectral matches was performed with peptide prophet (22) , and peptides with a probability score of Ͼ95% from the entire experimental dataset were imported into Skyline software (29) to establish a library for quantification of precursor-extracted ion intensities (XICs). Hemoglobin and carbonic anhydrases were excluded due to their representation of erythrocyte background contamination (18) . Precursor XICs from each experimental file were extracted against the Skyline library, and peptide XICs with isotope dot product scores 0.8 were filtered for final statistical analysis of proteomic differences (43) .
Normalization of raw peptide intensities and protein level abundance inference were calculated using the linear mixed-effects model built into the open sources MSSTATs (version 3.2.2) software suite (6) . With the exception of initial network building with autophagy-associated proteins, only the results from MSSTATs output were used in further analysis if a nine-degrees-of-freedom cutoff and the twopeptide-identifier requirement were met. Protein isoforms were confirmed based on observed peptide with an amino acid sequence that was unique to the isoform. Pairwise comparisons between experimental groups were calculated in MSSTATs, and protein abundance differences with a nominal P value Ͻ0.05 were considered significantly different. Functional grouping and pathway analysis of the differentially abundant proteins (P Ͻ 0.05 or 0.10 as indicated) that were detected in all experimental groups were performed in Ingenuity Pathway Analysis (IPA). Selected networks were exported from IPA High-fat diet feeding leads to features of the metabolic syndrome and increased ischemia-reperfusion (I/R) injury. Lean and diet-induced obesity (DIO) mice were assessed for time-dependent changes in body weight (*P Ͻ 0.001, A), epididymal fat pad weight (*P Ͻ 0.01, B), fasting serum leptin level (*P Ͻ 0.01, C), insulin levels (*P Ͻ 0.05, D), serum glucose levels (*P Ͻ 0.05, E), oral glucose tolerance test (*P Ͻ 0.05, F), and homeostatic model assessment (HOMA) index calculated from fasting insulin and serum glucose levels (*P Ͻ 0.01, G) (n ϭ 4 -6 mice/group in A-G). Lean and DIO mice were subjected to I/R to determine the percentage cardiac area at risk (AAR) after I/R (H) and infarct size as percentage of AAR (I) (n ϭ 6 -8/group, *P Ͻ 0.05).
and visualized with customized network building in Cytoscape. MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD003345.
RESULTS
High-fat diet feeding leads to features of the metabolic syndrome and increased susceptibility to I/R injury. The C57BL/6 mouse strain placed on a high-fat diet (HFD) is an accepted rodent model of MetS. The mice develop obesity, elevated fasting blood glucose, and insulin resistance, in contrast to age-matched chow-fed animals (5, 23, 36, 39) . Fewer studies of DIO have employed the FVBN strain albeit this strain was recently reported to resemble the DBA/2, 129X1, and C57BL/6 strains in that body weights and whole body fat mass increased and glucose tolerance was impaired in response to HFD (33) . This strain is also the genetic background for the mice that we previously used to evaluate the role of autophagy in ischemic preconditioning (15) . To validate this strain for our planned investigation of MetS and its impact on cardiac stress response, we maintained male FVBN mice on standard chow or HFD ad libitum for up to 20 wk. FVBN mice on HFD developed significantly increased body weight over time (Fig.  1A) . Body fat was increased (Fig. 1B) and was accompanied by an increase in the adipose-derived hormone, leptin, which is known to circulate at levels directly proportional to body fat (Fig. 1C) . Moreover, HFD-fed animals exhibited abnormal glucose homeostasis reflected by elevated insulin (Fig. 1D) and glucose (Fig. 1E ) levels, abnormal oral glucose tolerance test (Fig. 1F) , and an elevated HOMA index compared with chowfed mice (Fig. 1G ). In line with others (17), development of MetS in our model leads to increased susceptibility to I/R injury (Fig. 1, H and I) .
HFD-induced metabolic syndrome blunts cardiac autophagic flux. We investigated autophagy induction by comparing levels of LC3-II with Rho at baseline or 24 h after fasting. In lean mice there was an increased LC3-I conversion to LC3-II upon fasting; DIO mice failed to do so ( Fig. 2A) .
Fasting increased the abundance of autophagy adapter protein p62/SQSTM1 that did not reach statistical significance; no such increase was seen in fasted DIO mice (Fig. 2B) . To examine autophagic flux, we administered CQ 2 h before death to prevent autophagosome-lysosome fusion. DIO mice (after 8 wk of HFD feeding) did not show increased LC3-II after lysosomal blockade, consistent with diminished autophagic flux (Fig. 2C) . Autophagy can be regulated at both the transcriptional and posttranslational level (12, 38) . To assess transcriptional regulation of autophagy, we examined changes in mRNA for LC3B and p62/SQSTM1 in response to fasting. Both groups of animals showed similar upregulation of mRNA for LC3B and p62/SQSTM1 in response to fasting, suggesting that upstream signaling responses to induce autophagy at the transcriptional level remained intact (Fig. 2, D and E) . These results combined support the likelihood that development of MetS blunts cardiac autophagy at the posttranscriptional level.
Autophagy-related energy-and nutrient-sensing pathways remain intact in hearts of diet-induced obese mice. We next evaluated the autophagy-related energy-and nutrient-sensing pathways regulated by AMPK and mTOR, respectively. AMPK and mTOR control posttranslational induction of autophagy via phosphorylation of the critical autophagy regulator/initiator. Phosphorylation of Ulk1 by AMPK promotes autophagy (46) , whereas mTOR action leads to repression (31, 46) . Fasting elicited the expected increase in phosphorylation of AMPK in both lean and DIO mice (Fig. 3A) . As an indicator of mTORC1 activity, the phosphorylation state of ribosomal S6 and Ulk1 was regulated (Fig. 3B) . Fasting led to robust dephosphorylation of S6 in both groups of animals; however, the effect was exaggerated in DIO mice. mTOR has been demonstrated to directly target the Ser 757 site of Ulk1, which leads to potent inhibition of autophagy (24) . Fasting resulted in the appropriate dephosphorylation of Ulk1 at this site in both groups. These findings show that the major energy-and nutrient-sensing pathways that control the induction of autophagy at the posttranslational level remain largely intact in the heart despite the development of the metabolic syndrome.
Proteomes affecting energy metabolism, protein quality control, and redox status are discordant in diet-induced obese mice. To gain insight as to why the diet-induced obese mice failed to induce autophagy despite intact energy and nutrient signaling, we turned to data-dependent acquisition MS-based proteomics for clues to rationalize this phenomenon. Overall, we identified 1,102 nonredundant proteins from 5,262 peptides (counting modifications as unique), among which 513 proteins were consistently detected across all experimental groups. The proteins with significant changes between groups (P Ͻ 0.05) and their exact P values can be found in Supplemental Table 1 (Supplemental material for this article is available online at the Journal website.). A full list of proteins quantified (Supplemental Table 2 ) and peptide/protein assignments (Supplemental Table 3 ) can also be found as online data supplements. The interconnections and major networks formed by the protein differences between lean and DIO animals and their response to the fasting challenge are shown in Fig. 4 . We first examined the proteome change of hearts obtained from lean fasted vs. lean fed mice (Fig. 4A) . We noted significant upregulation of enzymes involved in metabolism, as well as several enzymes responding to oxidative stress (Txn, Blvrb, Cat, Cmbl, and Aldh1a1), protein quality control (Tceb2, Psmb2), and vesicle traffic (Chmp4b, Glul). There were also increases in several sarcomeric proteins (Fblim1, Tpm2, Pdlim4, Ttn) in the fasted heart that were not seen in the DIO animals. On the other hand, the fasting response in DIO mice revealed a dramatically different profile (Fig. 4B) . Tricarboxylic acid (TCA) and fatty acid oxidation (FAO) enzymes were decreased, as were vesicle transport (Ehd4, Trim72) and a myofilament-related protein (Tagln). In the baseline fed state, DIO mice (compared with lean) upregulated the expression of enzymes in the TCA cycle and those responsible for FAO, an appropriate response to a high-fat diet (Fig. 4C) . We also noted Fig. 4 . Proteomic analysis of cardiac fasting response. Cytoscape (Institute of Systems Biology) was used to display gene names of proteins reaching significant statistical differences between groups comparing lean fasted/lean fed (A), DIO fasted/DIO fed (B), DIO fed/lean fed (C), and DIO fasted/lean fasted (D). For complete proteomic dataset of proteins found here, see Supplemental Table 2. an increase in sarcomeric proteins (Fblim1, Pdlim5), vesicle transport (Chmp4b, Trim72), protein quality control (Psmb2, Tceb2), and oxidative stress (Aldh1a1, Cat).
Because the DIO animals started out with higher baseline levels of TCA and FAO enzymes, it is important to compare DIO vs. lean animals in the fasting state (Fig. 4D) . This comparison revealed a profound suppression of TCA cycle and FAO enzymes in the fasted DIO hearts compared with the lean. Thus, discordant regulation of metabolism emerged as the key distinguishing feature between lean and obese mice at baseline and in response to fasting. Analysis of the upstream regulators capable of explaining these protein abundance patterns implicated peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PCG-1␣), peroxisome proliferator-activated receptor (PPAR)-␣, and PPAR␥, largely based on the changes of the oxidative phosphorylation and redox-related proteins; additional proteins from the redox, vesicle transport, and myofilament categories also supported these predictions (Fig. 5 and Supplemental Table 4 ).
To gain a deeper understanding of why autophagy was differentially regulated between lean and DIO mice, we used IPA to identify the autophagy-related proteins present in the full dataset of 1,102 proteins (Fig. 6 ). Of these autophagyrelated proteins, 24 proteins were considered as "confidently" identified with 2 or more peptide identifications, and an additional 18 proteins were considered more "putative" with a single high-quality proteotypic peptide detected for their identification (Supplemental Table Table 5 ). A heatmap representing the fold-change values observed for the 24 high-confident autophagy proteins across each of the major experimental comparisons revealed notable discordance in the trend of protein abundance changes between lean and DIO mice in response to fasting, which is emphasized by the grouping of proteins by hierarchical clustering (Fig. 6A) . Further functional network analysis indicated that the discordancy of these abundance changes could be explained by the upstream activity of PPAR␣, PPAR␥, PGC-1␣, AMPK (Prkaa1), and/or mTOR, as indicated by a high degree of connectivity between measured autophagy protein nodes, these five seeded regulatory nodes, and their first-order interaction partners (e.g., Akt, Rictor, Raptor) (Fig. 6B) . This autophagy-specific analysis of the proteomic data support the contention that the DIO mice have an inappropriate autophagy response to fasting and support the findings of our biochemical experiments.
DISCUSSION
FVBN mice placed on a high-fat diet developed features of MetS, including obesity, hyperglycemia, and insulin resistance as well as increased I/R injury. These animals also exhibited impaired autophagy. Cardiac autophagy impairment in DIO mice occurred at the level of autophagic flux, thus implicating impaired autophagosome-lysosome fusion or inadequate lysosomal function (acidification or hydrolytic enzymes). Our results in mice are consistent with the findings of Jaishy et al. (17) who reported that fatty acid overload in mice and in rat H9C2 cardiomyocytes suppresses autophagosome clearance by attenuating lysosome activity. We suspect that this results in feedback inhibition of autophagosome initiation. Impaired autophagosome formation would therefore limit the ability to sequester damaged mitochondria, and impaired autophagic flux would interfere with energy substrate production from lysosomal activity, exacerbating the energetic crisis of the cardiomyocytes. The observed blunted autophagic flux likely contributes to the greater vulnerability of the MetS heart to ischemic stress.
In our study, both lean and DIO mice were able to upregulate key autophagy targets, LC3B and p62/SQSTM1, demonstrating that the transcriptional response to fasting remained intact. We noted differences in the magnitude of the signal transduction response to fasting between lean and DIO mice. For instance, the increase in AMPK phosphorylation was greater in lean mice than in DIO mice. Conversely, the fastinginduced dephosphorylation of the downstream mTOR target, ribosomal S6, was more profound in the DIO mice. This may indicate that, in the lean animals, lysosomal function was intact and enabled partial reactivation of mTOR (40) , whereas, in DIO mice, mTOR remained supersuppressed due to lysosomal dysfunction. This raises the possibility that survival signaling through Akt could be compromised, which would carry consequences for I/R injury. Ulk1 Ser 757 dephosphorylation during fasting was similar in lean and DIO mice, despite differences in the level of activity of the key upstream regulators AMPK and mTOR. It appears that, in lean mice, mTOR was less suppressed while AMPK was strongly activated, whereas, in DIO mice, mTOR was strongly suppressed while AMPK was only moderately activated. The net outcome was similar levels of Ulk1 phosphorylation, which should have given rise to similar levels of autophagy activation. There is evidence for feedback Fig. 5 . Peroxisome proliferator-activated receptor (PPAR)-related fasting response in heart. Cytoscape was used to display predicted upstream PPAR-related changes in the heart in response to fasting. Predicted changes were determined through Ingenuity Pathway Analysis (IPA) (Qiagen) using the information from Supplemental Table 4. inhibition of autophagy when lysosome function is impaired. Thus, the lysosomal impairment (reflected by impaired autophagic flux) seen in the DIO mice might be responsible for the failure to upregulate autophagosome formation despite appropriate signaling. mTOR regulates lysosome biogenesis, and amino acids derived from lysosomal proteolysis reactivate mTOR, thereby downregulating autophagy and restoring protein synthesis (34, 40, 41, 45, 47, 48) . Aside from limiting lysosomal regeneration, the sustained suppression of mTOR would limit the ability of cells to initiate repair processes after nutrient deprivation or ischemic injury and reflects a form of metabolic inflexibility that would increase vulnerability to ischemic stress in the setting of MetS. Supporting this concept are the findings by Ma et al. that impaired autophagosome clearance exacerbates I/R injury (27, 28) .
Using bioinformatics algorithms to interrogate the 1,102 proteins identified in the heart samples, by proteomic analysis we identified 24 proteins that were autophagy related (Fig. 6) . A majority of these proteins changed in opposite directions when comparing the fasting response in lean animals with that in obese animals. This suggests a widespread discordant regulation of autophagy in animals with DIO. Autophagy is primarily regulated by posttranslational modifications rather than changes in quantity, so it is not surprising that many of these autophagy-related proteins exhibited only modest changes (Ͻ1.5-fold) in abundance. Without further sample fractionation, MS has a limited dynamic range and limited observation of cellular low-abundance proteins compared with antibody-mediated detection, and therefore we were only able to quantify a limited number of the most widely recognized autophagy proteins by MS but emphasize the broader cellular responses. Among the autophagy proteins that were identified by MS, several are noteworthy. Dnm1l (Drp1) is a known regulator of mitochondrial autophagy and was decreased in the DIO fasting response, consistent with inappropriate suppression of autophagy. ␣-Synuclein (Snca) is a suppressor of autophagy and was increased in the hearts of DIO fasting mice, indicating dysregulation of autophagy (8) . We also noted Table  2 ) was interrogated for autophagy-related proteins using IPA. Autophagy-related proteins identified by 2 or more peptides were used for subsequent clustering and network analysis. A: heatmap with hierarchical clustering of all 24 autophagy-related proteins and their observed Log2 fold-change [expressed as a color gradient from blue (negative) to orange (positive)] from the MSSTATs comparison. Hierarchical clustering was applied to the rows of the dataset to reveal groupings of autophagy proteins with similar patterns of abundance changes across biological comparisons. LFa, lean fasted; LFe, lean fed; OFa, obese fasted; OFe, obese fed. *P Ͻ 0.05 and #P Ͻ 0.1. B: string network analysis of functional protein-protein interactions among the observed autophagy-related proteins into which PPARa, PPARg, PGC1a, AMPK, and mammalian target of rapamycin (mTOR) were seeded based on findings from Western blot and IPA. Measured proteins were identified by mass spectrometry (colored shading). Differences in the fasting response between lean and DIO mice are plotted as bars with orange (above the axis), indicating an increase in protein abundance in the fasted state, whereas blue (below the axis) denotes a decrease. No change is indicated by a thin gray line. Proteins showing a statistically significant change (P Ͻ 0.05) are outlined by a red (Lean) or green (DIO) border, with dashed borders indicative of a trend toward significance (P Ͻ 0.1). Seeded regulators are shown in black ovals, whereas secondary regulators are indicated in gray squares. Edge width is scaled to the combined score assigned by the STRING network analysis software indicating the strength of the evidence supporting an interaction between any two nodes (range 0.404 -0.999). discordant regulation of myosin light chain 3 (Myl3). Myl3 gene mutations are found in familial hypertrophic cardiomyopathy (1) and was recently reported to upregulate autophagy (26) . Interestingly, Bag3, which plays a role in clearing degradation-prone substrates via ubiquitin-independent chaperone-mediated autophagy (2) , is increased in hearts of fasting DIO mice, suggesting that chaperone-mediated autophagy, rather than conventional macroautophagy, is upregulated. These findings are consistent with our finding of impaired autophagic flux by Western blot of LC3 ϩ/-chloroquine (Fig. 2C) .
There were many quantitative changes in proteins associated with FAO and components of the TCA cycle between lean and DIO mice subjected to fasting. During fasting, it is well known that fatty acids are liberated from peripheral adipose tissues and delivered to the heart, activating PPAR and thereby upregulating enzymes involved in the TCA cycle and FAO, which are needed to metabolize the fatty acids. This was reflected by appropriate changes in the cardiac proteome of the lean fasted animals. IPA, a bioinformatics tool used to interrogate our proteomics dataset, predicted that PGC-1␣, PPAR␣, and PPAR␥ upstream signaling was responsible for many of the changes in the proteome (Fig. 5 and Supplemental Table 4) . Surprisingly, we observed opposite changes to the PPARregulated proteome of the fasting DIO mice, although triglycerides would have been mobilized in both lean and obese mice as illustrated in the network diagram (Fig. 6B) . This raises the possibility that, in DIO mice, an interacting signal transduction pathway, possibly mTOR, impinges on the PGC-1␣/PPAR␥/ PPAR␣ regulatory network.
Proteomic analysis of lean and DIO mice also revealed differences in the abundance of key redox-related proteins. At baseline, DIO mice had a higher abundance of catalase, suggesting ongoing H 2 O 2 -related stress due to a high rate of FAO. During fasting, lean mice upregulated catalase robustly to levels that matched DIO at the basal state. On the other hand, DIO mice did not increase catalase levels further during fasting, which suggests either an inability to handle a higher H 2 O 2 load during stress or a potential attempt to compensate for a reduced H 2 O 2 production due to decreased superoxide dismutase 1. Reactive oxygen species, specifically superoxide and H 2 O 2 , are well known for their involvement in the regulation of autophagy (42) , although the precise mechanisms whereby these radicals modulate autophagic flux are not entirely clear. The proteomic data suggest that differences in the enzymes involved in ROS scavenging and conversion may be important components in the altered autophagy observed in the hearts of starved DIO mice.
Some limitations in this study need to be noted. The response to fasting is profoundly dysregulated in DIO mice, which also sustained larger infarcts. Although fasting results in nutrient depletion and the latter is a hallmark of ischemia, it does not mimic hypoxia or the added element of reperfusion. This study does not establish a causal relationship between MetS, impaired autophagy, proteome remodeling, and larger infarcts in the mouse. Restoring autophagy in the setting of MetS and showing that ischemic injury is reduced will provide stronger evidence. Work remains to identify a specific dysfunctional site(s) responsible for impaired autophagic flux, although the lysosome is implicated by our work and others (17) . We chose not to conduct Western blotting or proteomic analysis of hearts subjected to ischemia and reperfusion because tissue necrosis would deteriorate protein quality, resulting in unpredictable artifacts.
Taken together, the Western blot and proteomics findings reveal a stark difference in the fasting response of lean and obese mice. Fasting obese mice exhibited impaired autophagic flux, reduced fatty acid oxidation, and dysregulated redox regulation. Mice with DIO have an abnormal response to nutrient deprivation that could explain the increased injury associated with ischemia and reperfusion.
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